Abstract. Amyloid-␤ (A␤) is a key neuropathological hallmark of Alzheimer's disease (AD). Postsynaptic density protein 93 (PSD-93) is a key scaffolding protein enriched at postsynaptic sites. The aim of the present study was to examine whether PSD-93 overexpression could alleviate A␤-induced cognitive dysfunction in APPswe/PS1dE9 (APP/PS1) mice by reducing A␤ levels in the brain. The level of PSD-93 was significantly decreased in the hippocampus of 6-month-old APP/PS1 mice compared with that in wild-type mice. Following lentivirus-mediated PSD-93 overexpression, cognitive function, synaptic function, and amyloid burden were investigated. The open field test, Morris water maze test, and fear condition test revealed that PSD-93 overexpression ameliorated spatial memory deficits in APP/PS1 mice. The facilitation of long-term potentiation induction was observed in APP/PS1 mice after PSD-93 overexpression. The expression of somatostatin receptor 4 (SSTR4) and neprilysin was increased, while the amyloid plaque load and A␤ levels were decreased in the brains of APP/PS1 mice. Moreover, PSD-93 interacted with SSTR4 and affected the level of SSTR4 on cell membrane, which was associated with the ubiquitination. Together, these findings suggest that PSD-93 attenuates spatial memory deficits and decreases amyloid levels in APP/PS1 mice, which might be associated with A␤ catabolism, and overexpression of PSD-93 might be a potential therapy for AD.
INTRODUCTION
Alzheimer's disease (AD), as the major cause of dementia, is an irreversible neurodegenerative disorder with progressive cognitive dysfunction, memory impairment, and behavioral damage. Amyloid-␤ (A␤) is the major constituent of the tissue deposits detected in parenchymal plaques and leads to AD pathology during middle age [1] . A␤ is produced from amyloid-␤ protein precursor (A␤PP) through sequential ␤-and ␥-secretase cleavage, and could be cleared through degradation by proteases, cerebrospinal fluid (CSF) absorption, perivascular, and blood-brain barrier systems, etc. [2] . It has been suggested that the altered balance between production and clearance is responsible for the accumulation of brain A␤ [3] . Impaired clearance of A␤ from the brain of late onset AD plays a critical role in the formation of amyloid plaques and the pathogenesis of the disease [4] . Thus, modulating the transport or metabolic balance of A␤ could regulate the brain levels of A␤, which might affect the progression of AD. Regrettably, alterations in A␤ transport mechanisms through the blood-brain barrier (BBB) remain difficult due to the poor capability of most drugs to cross the BBB [5] . Therefore, increasing A␤ catabolism within the brain might provide an unprecedented choice for therapeutic development. Recent studies have also suggested that stimulating the activity of amyloiddegrading enzymes could enhance the clearance of A␤ and reduce its deposition in the brain [6] . The proteolytic enzyme neprilysin (NEP) is now considered as the most important A␤-degrading peptidase, and the enhancement of NEP caused significant reductions in A␤ levels and increased synaptic density [7] .
Excitatory synapses of the brain are characterized by dense thickenings of protein referred to as postsynaptic densities (PSDs), which contain glutamate receptors, cell adhesion proteins, scaffold proteins, and signaling molecules [8, 9] . PSD-93/chapsyn-110, PSD-95/SAP-90, SAP-97, and SAP-102 are the primary members of a family of scaffold proteins called membrane-associated guanylate kinases (MAGUKs) which are abundantly expressed in the PSD. Each of these proteins contains three PDZ domains, an SH3 domain, and a catalytically inactive guanylate kinase domain, which together mediate proteinprotein interactions that are important for channel clustering and the recruitment of signaling complexes for synaptic function. Recent evidence clearly supports A␤ as a key factor in synaptic impairment, which is closely correlated with indices of cognitive decline [10] . The synaptic damage is detected at the early stages of AD, which is shown as the loss of pre-synaptic proteins and post-synaptic markers, such as PSD-95 and Shank1 [11, 12] . PSD-93 is similar to PSD-95 in terms of amino-acid sequence, domain organization, developmental expression and function; however, it is unclear whether PSD-93 is able to attenuate A␤-induced synapse injury in AD.
There is compelling evidence of a close relationship between somatostatin (SST) and A␤ fibril accumulation in AD [13] . In addition, the activity of NEP is upregulated by SST [14] . In the hippocampus of APP/PS1 mice, the expression of SST was reduced, and a linear correlation was observed between A␤ content and SST loss [15] . Somatostatin receptor 4 (SSTR4), a member of the SSTRs family, is expressed in cortical and hippocampal tissues, and binds to the PDZ domains of MAGUKs in rat neurons [16] . Thus, in the present study, we hypothesized that PSD-93 could attenuate memory impairment and decrease A␤-induced synaptic function damage in AD mice, which might be associated with the interaction of SSTR4.
MATERIALS AND METHODS

Animals and treatment
Male APPswe/PS1dE9 (APP/PS1) doubletransgenic mice expressing a human/mouse APP construct with the Swedish double mutation and the exon-9-deleted variant of PSEN1 were obtained from the Model Animal Research Center of Nanjing University, and male age-matched wild-type (WT) littermates were used as controls. At the age of 6 months, APP/PS1 mice showed amyloid plaques deposition and cognitive impairment [17, 18] . The lentivirus which mediated overexpression (Lv-PSD-93) or inhibition of PSD-93 (Lv-shPSD-93) was provided by Shanghai Genechem. As previously described [19, 20] , the PSD-93 overexpressing lentivirus (lenti-PSD-93, 5 × 10 8 TU/ml) or control lentivirus (lenti-con, 5 × 10 8 TU/ml) was slowly injected into the bilateral hippocampus of 6-month-old APP/PS1 mice using a stereotaxic apparatus. Behavior tests were conducted 4 weeks after the lentivirus injection, and then the mice were sacrificed for the other experiments. All animal experiments were approved through the Animal Care Committee of Nanjing University (reference number: 20150105), and all efforts were made to reduce animal suffering.
Cognitive and behavioral tests
To exclude the influence of locomotor activity and anxiety on cognitive performance, an open field test (OFT) was conducted. Briefly, every mouse was placed in the center of an open chamber (40 × 40 × 50 cm) with white walls. A camera was fixed above the chamber to track the exploratory behavior of the mice for 10 min (ANY-maze, Stoelting, USA); subsequently, the video was analyzed using ANY-maze software (Stoelting, USA). Prior to placing the next mice, the device was cleaned with 75% ethanol.
As previously described [19] , Morris water maze (MWM) test was performed to evaluate the spatial memory of the mice after the OFT. Briefly, during the acquisition trial (days 1-5), the mice were trained to find a submerged platform within 60 s and allowed to stay on the platform for an additional 5 s. However, when the mice could not find the platform within 60 s, they were allowed to remain on the platform for 30 s to become familiar with their surroundings, and 60 s was the latency. For the probe trial (day 6), the platform was removed, and the mice were allowed to swim freely for 60 s, and the number of platform crossing, time in the target quadrant, and latency to the target quadrant were recorded. The data for all mice were analyzed using the ANY-maze system (Stoelting, USA).
To further evaluate hippocampus-dependent and hippocampus-independent memory function, a fear conditioning (FC) test was conducted, followed by the MWM. The mouse was placed in a conditioning chamber (XR-XC404, Shanghai Softmaze Information Technology Co. Ltd.) for 3 min and subsequently one tone-foot-shock pairing (tone, 30 s, 65 dB, 1 kHz; foot-shock, 2 s, 0.75 mA) was conducted. To examine postshock freezing, every mouse was allowed to remain in the chamber for another 30 s after shock. The context-dependent test was measured at 24 h after training, which allowed the mice to explore in the same chamber for 5 min. The mouse was placed in a new chamber with a different shape, color, and smell for 3 min after 2 h. The training tone was delivered to examine tone fear conditioning. The chamber was cleaned with 75% ethanol to avoid the olfactory cues observed after each test, and the freezing time was scored using analysis software.
Electrophysiological recordings
Electrophysiological recordings of hippocampal slices were performed as previously described [18, 21, 22] . One month later, mice exhibiting the lentivirus-medicated overexpression of PSD-93 and their littermates were deeply anesthetized using sevoflurane. The brains were cut into transverse slices (350 m) using a vibrating microtome (Leica, Germany) in an ice bath of oxygenated cutting solution containing 75 mM sucrose, 87 mM NaCl, 2.5 mM KCl, 7.0 mM MgCl 2 , 21.4 mM NaHCO 3 , 0.5 mM CaCl 2 , 1.25 mM NaH 2 PO 4 , and 20 mM Dglucose. After incubation with oxygenated artificial CSF (ACSF) (119 mM NaCl, 2.5 mM CaCl 2 , 2.5 mM KCl, 1.3 mM MgSO 4 , 26.2 mM NaHCO 3 , 1.0 mM NaH 2 PO4, and 11 mM D-glucose) for 60 min at 32 • C, and the hippocampal slices were continuously recovered at room temperature for another 60 min. The cutting solution and ACSF were continually perfused with a gas mixture of 95% O 2 /5% CO 2 . Bipolar stimulating electrodes were placed in the stratum radiatum to elicit the action potentials of the Schaffer collateral/commissural pathway. Excitatory postsynaptic potential (EPSP) was recorded at a resistance of 0.5-3 M using an ACSF-filled glass microelectrode placed in the stratum radiatum region of CA1. The data were gathered using a MultiClamp 700B amplifier (Axon Instruments, USA) filtered at 2 kHz and digitized at 10 kHz. The amplitude of peak EPSP was at least 2 mV, and 40% of the maximal response was set as the stimulus intensity. After recording baseline responses with a low frequency (2 per min) for 20 min, high-frequency stimulations (HFS, 100 Hz, 1 s) were delivered to evoke CA1 synapses. Immediately, long-term potentiation (LTP) was recorded at the same intensity as pre-HFS for 45 min. The slope of EPSP was analyzed using the pCLAMP system (Axon Instrument, CA).
Aβ extraction and measurements
Soluble and insoluble forms of A␤ were extracted as previously reported with some modifications [23] . The frozen brain was homogenized with 15 volumes (w/v) of TBS buffer, containing phosphatase and protease inhibitor cocktails (Sigma, USA), followed by centrifugation at 100,000 g for 1 h at 4 • C. The soluble fraction was collected as the TBS-soluble fraction, and the pellet was resuspended with 15 volumes of 1% Triton X-100/TBS (TBSX). After incubation for 30 min on ice, the tube was centrifuged at 100,000 g for 1 h at 4 • C. The supernatant was removed as the TBSX-soluble fraction, and 70% formic acid (FA) was added to the pellet, followed by centrifugation at 100,000 g at 4 • C for 1 h. The FA fraction was neutralized with 20 volumes 1 M Tris-base (pH 11), and subsequently aliquoted and stored at -80 • C. The total protein level of TBS-, TBSX-, and FA-was determined using the BCA protein assay kit (Bioworld, USA) and the Bradford protein assay kit (Bioworld, USA). The amount of A␤ 40 and A␤ 42 was quantified using Quantikine ELISA Human Amyloid ␤ aa1-40/aa1-42 Immunoassay kits (R&D System, USA) according to the manufacturer's instructions.
Primary cortical neuron culture
Primary cortical neuron culture was prepared from E16 C57/BL6J mouse embryos as previously described [24] . The cells were maintained in Neurobasal/B27 for 8 to 10 days for subsequent use in this experiment. The purity of the neuron was more than 90% as determined by microtubule-associated protein-2 (MAP-2) staining. Lenti-shPSD-93 or Lv-PSD-93 was added to the medium (MOI = 5) at day-in-vitro (DIV) 3-4 and treated for 72 h.
At DIV 9, the neurons were washed twice and subsequently fixed with 4% paraformaldehyde (PFA). After blocking with 2% BSA for 1.5 h, the neurons were incubated with primary antibodies against PSD-93 (1:500, Abcam, USA) and SSTR4 (1:500, Thermo, USA) at 4 • C overnight, and then incubated with the secondary antibodies for 2 h at room temperature, and DAPI reagent (1:500, Bioworld, USA) was used for nuclear staining. The images were captured using a microscope (Olympus, Japan).
Real-time PCR
Total RNA was isolated from neurons using Trizol (Invitrogen, USA) as previously described [25] and subsequently reversed transcribed to cDNA (Takara, Dalian, China). Quantitative PCR was performed using the StepOne system (Applied Biosystems, USA) and a SYBR green kit (Takara, Dalian, China) according to the manufacturer's instructions. The value of every sample was normalized to GAPDH. The following primers (Invitrogen, USA) were used: SSTR4: F: AACGGAGGCGCTCAGAGAAGAA GA, R: AGGCGAGGTGAGGGAGG GTAAAAT; GAPDH: F: GCCAAGGCTGTGGGCAAGGT, R:
TCTCCAGGCGGCACGTCAGA.
Immunofluorescence assay
The levels of PSD-93 and A␤ were further confirmed using immunofluorescence assay (IFA). Following anesthesia, the mice were perfused with pre-chilled 0.9% saline and 4% PFA. The brain was immediately removed, and cryosectioned at 18 m thickness. Similarly, the neurons were treated with 4% PFA after washing 3 times. The brain sections were blocked with 2% BSA for 1.5 h, followed by incubating with primary antibodies against PSD-93 (1:500, Invitrogen, USA), A␤ (1:500, Biolegend, USA), SSTR4 (1:500, Thermo Scientific, USA), and PSD-93 (1:500, Abcam, USA) at 4 • C overnight. The secondary antibodies were applied for 2 h at room temperature, followed by nuclear staining using DAPI reagent (1:500, Bioworld, USA). The images were captured using a fluorescence microscope (Olympus, Japan). All images were quantitatively analyzed using Image J software, and the analyses were performed in a randomized and blinded manner.
Membrane protein extraction
Membrane protein extraction was performed using a Mem-PER TM Plus Membrane Protein Extraction Kit (Thermo Scientific, USA). The cells were scraped and washed, and subsequently Permeabilization Buffer was added to the cell pellet. The homogeneous cell suspension was incubated 10 min at 4 • C, followed by centrifugation for 15 min at 16,000 g at 4 • C. The supernatant, containing cytosolic proteins, was removed, and the pellet was resuspended with Solubilization Buffer. After incubation at 4 • C for 30 min, the tubes were centrifuged at 16,000 g for 15 min at 4 • C. The membrane and membrane-associated proteins were transferred and quantified using a BCA protein assay kit (Bioworld, USA).
Immunoprecipitation and western blotting
Immunoprecipitation (IP) was performed as previously described to analyze the interaction between PSD-93 and SSTR4 and characterize the ubiquitination of SSTR4 [26] . Briefly, high-density neurons were incubated with 20 M MG132 (carbobenzoxy-L-leucyl-L-leucylL-leucine, Selleck Chemicals, USA) for 12 h, and proteins were extracted using RIPA Lysis Buffer (Bioworld, USA). The protein content was determined using a BCA protein assay kit (Bioworld, USA). The lysates were incubated with anti-SSTR4 (1:500, Thermo, USA) or anti-PSD-93 (1:500, Invitrogen, USA) antibody at 4 • C overnight. The immunoprecipitates were incubated with protein G agarose beads (Millipore, USA) for 2 h at 4 • C and subsequently washed and boiled in loading buffer.
For western blotting, equal quantities of protein extracts were subjected to SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, USA). After blocking in 5% non-fat milk for 1 h at room temperature, the membranes were incubated overnight at 4 • C with the following primary antibodies: anti-PSD-95 (1:1000, Cell Signaling, USA), anti-SAP102 (1:1000, Cell Signaling, USA), anti-SAP97 (1:500, Abcam, USA), anti-SST (1:1000, Bioworld, USA), anti-SSTR1 (1:1000, Bioworld, USA), anti-SSTR2 (1:500, Abcam, USA), anti-SSTR4 (1:500, Thermo, USA), anti-APP (1:500, Sigma, USA), anti-NEP (1:500, Millipore, USA), anti-IDE (1:1000, Abcam, USA), anti-A␤ (1:1000, Biolegend, USA), anti-LRP1 (1:1000, Abcam, USA), anti-ubiquitin (1:500, Abcam, USA), and anti-GAPDH (1:5000, Bioworld, USA). After washing with TBST, the membranes were incubated with HRP-conjugated secondary antibodies for 2 h at room temperature. The signals were visualized using an ECL kit (Bioworld, USA), and the band intensities were detected using Image J software.
Statistical analysis
All data were expressed as the means ± standard error of mean (SEM) and analyzed using SPSS 16.0 statistical analytical software (SPSS, USA). Differences in the escape latency of MWM were analyzed using two-way analysis of variance (ANOVA) with repeated measures, followed by Bonferroni's multiple comparison test, with day and treatment as the sources of variation. Student's t test was performed to analyze data between groups. A value of p < 0.05 was considered statistically significant.
RESULTS
PSD-93 is decreased in the hippocampus of 6-month-old APP/PS1 mice
Prior to measuring the PSD-93 level in 6-monthold APP/PS1 mice, the OFT, MWM, and FC behavior tests were performed to determine the cognitive function. In the OFT test, there was no significant difference between the two groups in the distance, mean speed, and time spent in the corner and center zone (Supplementary Figure 1) , which indicated that locomotor activity and anxiety had no effect on cognitive performance. Next, the MWM test was used to determine the spatial memory, which was compromised in AD patients and animal models [27, 28] , of 6-monthold APP/PS1 mice. During the training phase, the mean escape latency was significantly increased in APP/PS1 mice (Supplementary Figure 2A Figure 3B, p > 0.05) . These results revealed spatial memory deficits of 6-month-old APP/PS1 mice.
Subsequently, we evaluated the expression of the MAGUK family in the cortex and hippocampus of APP/PS1 mice. As shown in Fig. 1A , the protein levels of SAP-97, SAP-102, and PSD-95 were not significantly altered in the cortex and hippocampus of APP/PS1 mice (p > 0.05). The level of PSD-93 remained unchanged in the cortex. However, the protein level of PSD-93 was significantly decreased in the hippocampus of APP/PS1 mice compared with that in WT mice as demonstrated by western blot and IFA (Fig. 1A , C-E, p < 0.05 and p < 0.01, respectively). The expression of PSD-95 was decreased in the hippocampus of AD mice, but this difference was not significant (Fig. 1A, C) .
PSD-93 overexpression ameliorates the cognitive deficits of APP/PS1 mice
To determine the role of PSD-93 in the cognitive deficits of AD, lenti-PSD-93 (Lv-PSD-93) or lenticon (Lv-con) was injected into the hippocampus of APP/PS1 mice (6-month-old). As shown in Fig. 2A , GFP-tagged lentivirus was primarily detected in the hippocampus, and the effects of PSD-93 overexpression were also confirmed by western blotting (Fig. 2B) . In the OFT test, there was no significant difference in the total distance travelled in the 10 min trial between the Lv-PSD-93 group and Lv-con group (p > 0.05) suggesting that PSD-93 overexpression has no effect on motor performance in AD model mice. Compared with that of the Lv-con group, the time in the center and corner zone of Lv-PSD-93 group was not significantly different (Fig. 2C, 2D, 2E) , which indicated that PSD-93 overexpression did not affect the exploration behavior in APP/PS1 mice.
Spatial memory was assessed using a 6-day MWM test after the OFT test. The analysis of the mean latency revealed that Lv-con mice spent more time searching the hidden platform compared to the Lv-PSD-93 group (Fig. 3A , groups: F (1, 92) = 21.529, p < 0.001; days: F (4, 92) = 36.805, p < 0.001; group × day: F (4, 92) = 1.881, p = 0.123). On 6th test day, when the hidden platform was removed, the time of target platform crossings and Fig. 1 . The expression of PSD-93 was decreased in the hippocampus of 6-month-old APP/PS1 mice. A) Western blotting was used to determine the levels of MAGUKs in the hippocampal and cortical lysates. The expression of PSD-93 was reduced in the hippocampus, and no significant change was shown in the cortex (n = 4 per group). B, C) Quantification of the intensities normalized to GAPDH as a loading control. D) Immunofluorescence assay was used to detect the level of PSD-93 in the hippocampus. The expression of PSD-93 (green) was decreased in 6-month-old AD mice (n = 4 per group), as analyzed in (E). DAPI: blue (as a location indicator). Scale bars, 50 m. *p < 0.05; **p < 0.01. Error bars show SEM. the time in the target quadrant of Lv-PSD-93 group were significantly increased compared with that of the Lv-con group (Fig. 3B, 3C , p < 0.05 and p < 0.01, respectively). Moreover, the latency to the target quadrant of the Lv-PSD-93 group was significantly lower than that of the control group (Fig. 3D , p < 0.05), indicating that PSD-93 overexpression improved the spatial memory in AD mice.
To confirm the enhancement of cognitive function, the FC test was also conducted. In the context test, we observed an increased freezing percent in the Lv-PSD-93 group compared with that in the control group (Fig. 3G, p < 0.05) . However, if the tone components of the cued were performed, then there was no difference between the two groups (Fig. 3F) , which indicated that PSD-93 overexpression could rescue hippocampus-dependent memory in AD mice.
PSD-93 overexpression facilitates long-term potentiation of synapses in the hippocampus of APP/PS1 mice
Following the overexpression of PSD-93 using lentivirus, we detected the expression of the other members of MAGUK, such as PSD-95, SAP-97, and SAP-102, in the cortex and hippocampus of AD mice. As shown in Fig. 4A , C, and D, the levels of postsynaptic proteins were not significantly changed in the brains of Lv-PSD-93 mice. In addition, synaptophysin, a presynaptic vesicle protein, was also no changed (Fig. 4A, C, D) . To examine the effect of PSD-93 overexpression on synaptic function of APP/PS1 mice, LTP was examined. The slope of hippocampus slices from Lv-PSD-93 mice was significantly increased compared with control mice (Fig. 4B, p < 0.01) . The data showed that PSD-93 overexpression could ameliorate the LTP in the hippocampus of APP/PS1 mice.
PSD-93 overexpression increases NEP level and decreases Aβ levels in the brains of APP/PS1 mice
To further confirm the effects of PSD-93 overexpression on A␤ content, the levels of A␤ 40 and A␤ 42 in the hemisphere of the brains of APP/PS1 mice after lentivirus injection were examined using ELISA. The results showed that PSD-93 overexpression significantly decreased the levels of both TBS-soluble A␤ 40 and A␤ 42 (Fig. 5A, B , p < 0.05 and p < 0.01, respectively). For the TBSX-soluble forms, the levels of A␤ 40 were significantly decreased in the Lv-PSD-93 group (Fig. 5A , p < 0.01), whereas the corresponding change was not detected in the levels of A␤ 42 ( Fig. 5B, p > 0.05) . In addition, the levels of A␤ 40, but not A␤ 42 , were decreased in the FA fractions in PSD-93-treated mice (Fig. 5A, B , p < 0.01 and p > 0.05 respectively). We also examined the A␤ plaque load in the brains of APP/PS1 mice using IFA, revealing that the A␤ plaque load was significantly decreased after PSD-93 injecting (Fig. 5C, D, p < 0.05) .
To explore the possible mechanisms of A␤ reduction after PSD-93 overexpression, the levels of amyloid-␤ protein precursor (A␤PP), insulin degrading enzyme (IDE), NEP, and low density lipoprotein receptor-related protein 1 (LRP1) were analyzed. As shown in Fig. 5E , the expression of A␤PP, IDE, and LRP1 was not affected in the brains of PSD-93 overexpressed AD mice. However, NEP was significantly increased in the hippocampus of Lv-PSD-93 group (Fig. 5E, p < 0.05) . These data demonstrated that PSD-93 overexpression reduced the levels of A␤ 40 and A␤ 42 and increased the NEP expression in the APP/PS1 mice. Fig. 3 . Overexpression of PSD-93 in the hippocampus attenuates spatial memory deficits in AD mice. Morris water maze and fear condition tests were conducted to determine the effect of PSD-93 on spatial memory of AD mice (Lv-con, n = 11; Lv-PSD-93, n = 9). A) In the acquisition trial, the escape latency in the Lv-PSD-93 group was shorter than that in control mice. In the probe phase, Lv-PSD-93 mice showed significantly more crossing platform times (B) and time in the target quadrant (C). D) Latency to the target quadrant of Lv-PSD-93 mice performed better than WT mice. E) Representative image of path tracings in the probe test on day 6. To confirm the memory enhancement of AD mice, fear condition test was performed. F) No significant changes were shown in the percent of freezing of cued phase. G) The percentage of freezing time in Lv-PSD-93 mice was increased than control mice. *p < 0.05; **p < 0.01. Error bars show SEM. 
PSD-93 overexpression enhances the expression of SSTR4 in the hippocampus of APP/PS1 mice
The expression of SST and SSTR1 was not changed in the cortex and hippocampus of PSD-93 overexpressed APP/PS1 mice (Fig. 6A-C) . However, SSTR4 was significantly increased in the hippocampus of APP/PS1 mice after PSD-93 overexpression (Fig. 6A-C, p < 0.01) . The level of SSTR2 was moderately increased in the hippocampus, but the differences were not significant (Fig. 6A, C , p > 0.05).
PSD-93 interacts with SSTR4 and increases the level of SSTR4 in the cytomembrane
Given that PSD-95 was able to bind to SSTR4 in primary rat neurons, we next explored whether PSD-93 could interact with SSTR4 using IP and IFA. As shown in Fig. 7A , PSD-93 could be precipitated with SSTR4 in the cortex and hippocampus of APP/PS1 mice and vice versa. In addition, PSD-93 was found to merge with SSTR4 using IFA, indicating that PSD-93 interacted with SSTR4 in primary cortical neurons (Fig. 7B) .
To determine the effect of PSD-93 on SSTR4 levels, we knocked down and overexpressed PSD-93 in neurons using lentivirus. The efficiency of lenti-shPSD-93 was determined through fluorescence microscopy and western blot analysis (Supplementary Figure 4 , p < 0.01). The levels of PSD-93 and SSTR4 in membrane and cytosolic fractions were detected 72 h after lentivirus infection. The expression of SSTR4 was decreased in the membrane of PSD-93 knocked down neurons (Fig. 8A) , while the SSTR4 level in the cytosolic fraction was not significantly changed (Fig. 8A) . In addition, the increased levels of SSTR4 in PSD-93 overexpression neurons were primarily observed in the membrane fraction but not in the cytoslic fraction (Fig. 8A) .
Subsequently, we explored whether the decreased SSTR4 was resulted from ubiquitination. In primary cortical neurons, the level of SSTR4 was decreased after PSD-93 inhibition, which was reversed by MG 132 (Fig. 8B , C, p < 0.05). As shown in Fig. 8D , overexpression or inhibition of PSD-93 did not change the mRNA level of SSTR4 in MG132-pretreated neurons. PSD-93 inhibition increased in the accumulation of high molecular-weight bands which were reactive to anti-ubiquitin antibody, while PSD-93 overexpression decreased the levels of SSTR4 ubiquitination (Fig. 8E) . The results indicated that PSD-93 regulated the cytomembrane levels of SSTR4, which might be associated with the ubiquitination pathway.
DISCUSSION
In the present study, we have found that the expression of PSD-93 was decreased in the hippocampus of 6-month-old APP/PS1 mice, and PSD-93 overexpression could attenuate cognitive impairment, decrease the amyloid levels and ameliorate A␤-induced LTP injury in APP/PS1 mice. Moreover, PSD-93 could interact with SSTR4, and regulate the membrane level of SSTR4, which was associated with the ubiquitination pathway. Increasing evidence indicates that A␤-induced LTP impairment in the hippocampus is correlated with the clinical symptoms of AD [29] , and plays a crucial role in learning and memory dysfunction. The MAGUK family plays an important role in synaptic function and memory formation [30, 31] . The dendrite ramification and spine generation are regulated by the expression of post synaptic proteins [32] . Studies using PSD-93 mutant mice exhibited deficits in hippocampal learning and memory-related LTP, but long-term depression remained normal [33] . In addition, PSD-93 knockout mice showed significant impairments in visual discrimination, cognitive flexibility, visuo-spatial learning and memory in attention [31] . In the brain of cold water stress-induced spatial memory impaired animals, the expression of PSD-93 decreased [34] . In the present study, we investigated the expression of MAGUKs in the hippocampus and cortex, and observed that the decline of PSD-93 in the hippocampus of APP/PS1 mice was found in 6 months old, which was not significantly This study also showed that following PSD-93 overexpression, the memory impairment was attenuated, and the LTP was facilitated in APP/PS1 mice. Studies in 3X Tg-AD mice showed that after spatial training in the MWM, memory acquisition was significantly improved and maintained. The training enhanced synaptic plasticity and remarkably activated PSD-93 and PSD-95 in the hippocampus [35] , which was consistent with our data. Notably, it was found that the level of the other MAGUKs and synaptophysin, a presynaptic vesicle protein, did not change. This finding suggests that short-term PSD-93 overexpression did not lead to detectable changes in the synaptic structure, but the functional declines could be ameliorated. Moreover, PSD-93 overexpression could decrease the A␤ 40 and A␤ 42 levels and A␤ plaques in APP/PS1 mice. The steady-state levels of A␤ in the brain are maintained via the balance of production and clearance. The catabolism of A␤ is controlled through several amyloid-degrading enzymes. In the brain, NEP has showed substantial affinity for A␤, and the enhanced activity of NEP corresponds with significant decreases of A␤ in conjunction with cognitive function improvement [36, 37] . In our study, the expression of NEP in the hippocampus was increased after PSD-93 overexpression. Until recently, little is known about the relationship between PSD-93 and SSTR4 in APP/PS1 mice. It was observed that the protein level of SSTR4 in the hippocampus of PSD-93 overexpression APP/PS1 mice was also increased. The expression of PSD-93 presents an early-up, late-down pattern over the Braak stages in the hippocampus CA1 of AD patients [38] . Moreover, it has been reported that human mutations in PSD-93 was identified in several psychiatric disorders, such as major depressive disorder, and schizophrenia [39] [40] [41] [42] . Humans carrying PSD-93 mutations have significantly deficits in visual discrimination acquisition and cognitive flexibility and visuo-spatial learning and memory [31] , which indicates that the mutation of PSD-93 might be a predictor of several diseases. It is a potential strategy to access the stages of AD by the level of PSD-93, and PSD-93 agonist might be used to treat AD.
A previous study showed that the decreased SST levels observed with AD progression were directly responsible for the loss of NEP activity and subsequent increases of A␤ 42 within the brain [14] . In the cortex or CSF samples of AD patients, the decline of SST is correlated with the extent of cognitive impairment. SSTR, which mediates the neuromodulatory signals of SST, is also markedly reduced in the AD brain [43] . The SSTRs can be divided into five subtypes: SSTR1-5. Among the five subtypes, SSTR2 and SSTR4 have the highest brain expression, but only SSTR4 is well expressed in cortical and hippocampal tissues [16] . Studies have shown that treated with the agonist of SSTR4 NNC 26-9100 improved the learning memory in AD mice and reduced the A␤ 42 oligomers within extracellular, intracellular, and membrane fractions [44] . Previous studies identified a combination between SSTR4 and SSTR1 and PDZ domains 1 and 2 of PSD-95 and PSD-93 using peptide affinity purification in rat neurons and this association might serve to localize the receptor to postsynaptic sites, especially in dendrites [45] . In the present study, we observed the interaction between PSD-93 and SSTR4 using immunoprecipitation and IFA. The levels of membrane SSTR4 could be regulated by PSD-93 in the cytomembrane. Additionally, the results of this study indicated that PSD-93 inhibition promoted the ubiquitination of SSTR4. Further studies are needed to better understand the mechanisms underlying these results.
Conclusions
In conclusion, the current study demonstrates that PSD-93 overexpression improves synaptic dysfunction and attenuates the memory deficits in AD mice. Furthermore, the mechanism might be associated with interactions between PSD-93 and SSTR4 and regulation the level of NEP, which plays an important role in the catabolism of A␤.
